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Abstract

We present the first thermodynamically correct calculation of the noise in asimple nonlinear resistive bolometer or calorimeter
operated out of equilibrium. The solution is rigorous only for first- and second-order deviations from equilibrium, and for
the linear and quadratic terms of dissipative elements. In contrast, existing models of noise in resistive bolometers are based
on the application of equilibrium theories to a system that is often nonlinear and out of equilibrium. We derive solutions
applicable both in and out of steady state. The noise has power spectral density different from the equilibrium theory, and it
has higher-order correlations and non-Gaussian characteristics. The results do not apply to non-Markovian hidden variables

in the bolometer.
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1. Introduction

The equilibrium thermodynamics of resistive
bolometers and calorimeters is well established [1,2].
However, these calculations are not rigorous in non-
equilibrium systems (in which the bolometer tempera-
ture is different from the bath temperature). An analy-
sis of the noise of a simple nonlinear, nonequilibrium
bolometer is a useful step towards understanding and
optimizing the noise in a real-world bolometer or
calorimeter. For instance, in the case of the supercon-
ducting transition-edge sensor (TES), noise in excess
of equilibrium sources is usually observed, and is of-
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ten labeled as“ excessnoise” Most attemptsto explain
this noise focus on the complicated, non-Markovian
details of the superconducting system. However, it
is beneficia to develop a better understanding of the
baseline thermodynamic noise of a simple system to
better understand what is meant by “excess”

2. Quadratic Markovian bolometers

We assume a simple Markovian bolometer (i.e.,
with no hidden variables such as internal temperature
gradients and fluctuating current paths). We consider
an external voltage bias, which we model as an inter-
nal capacitor in serieswith the bolometer (Fig. 1) with
capacitance C — . The system is thus closed and
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Fig. 1. A model of a voltage-biased resistive bolometer. The ther-
mal circuit consists of a thermal mass at temperature T with en-
ergy U(T) and heat capacity c(T), a temperature-dependent ther-
mal conductance G(8T), and a heat reservoir at fixed temperature
To, where 8T =T —To. A heat flow dQ/dt crosses the thermal
conductance to the heat reservoir. The electrical circuit consists of
aresistor with both current and temperature dependence R(1,3T),
an inductance L with current | and flux @ = LI, and a capacitor
C — o with “external” voltage Ve and charge q = CVe. Joule
heating in the resistor, dJ/dt, is dissipated in the thermal mass.

time-reversal invariant. Elsewhere, we will consider a
current biased bolometer modeled with a parallel in-
finite inductance.

Theelectrical resistance R and thermal conductance
G are nonlinear functions of |1 and 8T, both of which
are small near equilibrium. If R and G are analytic at
equilibrium we can express them as a Taylor series
expansion to the first order:

ROLST) =Y ~p1tpal +06T, (1)
G(5T) = % R L)

The macroscopic relaxation equations describing
the evolution of the system in Fig. 1 are
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We choose to consider the system as a microcanon-
ical ensemble rather than a canonical ensemble to
facilitate the analysis of a nonequilibrium model with
different temperatures T and Tp. As state variables,
we choose the flux in the inductor X = ® = LI,
the charge on the capacitor x4 = g, and the thermal
energy of the bolometer, xy = U. The first step in
the analysis is to determine the entropy change. The
heat flow dQ transfers energy from the bolometer at

temperature T to the heat reservoir at Tp with en-
tropy change dS= (1/To— 1/T)dQ. The energy that
flows from the capacitor and inductor, dJ, dissipates
power into the bolometer at temperature T, with
dS = dJ/T = —(1/T)(®/L)d® — (1/T)(q/C)dq.
The change in bolometer energy is dU = dJ —dQ, so
the total change in entropy is

1 1 q
ds= (T To>dU oL dCD TOCdq (6)

In a microcanonical ensemble, the thermodynamic
force, Xy, conjugate to the state variables xq, is [3]
Xo, = —0S/0d%y, Where oo = ®,q,U. The thermody-
namic forces conjugate to our state variablesare X =
q)/ToL = |/To, Xq = Q/(ToC) :Vext/TO, and Xy =
(1/To—1/T) =8T/(ToT).

If al functions in the relaxation equations are an-
aytic at equilibrium, the time derivatives of the state
variables can be expressed as a series expansion of the
thermodynamic forces. Near equilibrium, the thermo-
dynamic forces are small, and we carry the expansion
out to the second order:

dxg, 1
E ~ Loc,BX[S + EL%BYXBXY s @)

where summation is carried out over repesated in-
dices. The constant term is zero since the expansion
is around equilibrium, and the analysis is rigorous up
to quadratic deviations from equilibrium.

To express the relaxation in this form, we use the
expressionsfor the thermodynamicforcesto eliminate
the state variables and their derivatives from the right
hand sides of (3) - (5). We drop al terms above the
quadratic in any combination of the thermodynamic
forces, arriving at

dd
E:_plTOXcD p2TEXE — ToXq — (TeXaXu  (8)
dqg
Fy = ToXo )

du
5 = T0%ep1—nTeX — (16 +12T6)%5 - (10)

In these equations, Lqo = —Lo g = To, in agreement
with the Onsager-Casimir reciprocal relations [4]
Lop = €aplp,q, Where the time reversal parity of the
variablesisep = —1,eq=1,ey = 1.

The fluctuations of the state variables x,, can be
characterized by their correlations. In the quadratic
approximation, only one-fold, two-fold, and three-fold



correlators are nonzero. The correlators are related to
the averagefluctuationsin the state variables over time
T—0:

Ko = lim(t{Ax,) (11)
Kop = irra(t‘l(AxanB)) (12)
Kapy = ing(r‘1<AxanBAxy)) . (13)

We use Stratonovich's nonequilibrium Markovian
fluctuation-dissipation relations [3] to derive the cor-
relators from the L, g and L, g, parameters in (8) -
(20), dropping terms of higher order than quadratic.
These relations are derived assuming only Markovian
processes, time-reversal symmetry, and consistency
with equilibrium thermodynamics. The result is seven
unique nonzero correlators:

Kg=— =1 (14)

Ko — —g —pil —p2I2—§I8T+kBTo% (15)
Ku :pllz—yﬁST —'YzBTZ—i-

1 n+7To (16)

ks To <_PT+Y C(_Z) >
Koo = ZkBTpl =+ 6kBTop2| + 2|(BTOC5T (17)
Kuy = 2kBTO ('YlT + YzToST) (18)
Kuo = Kou = —2kgTop1! (19)
Kooo = —12(ksTo)?p2 - (20)

3. Conclusions

Wewill present adetailed analysis of (14)-(20) el se-
where; here we make the brief comments that space
alows. First, the noise is weakly non-Gaussian be-
cause of the threefold correlator (20).

We can write nonlinear Ito-Langevin equations

dx;;t“) = Ka(X) + U (1), (21)

where &s(t) are delta-function-correlated stochastic
forces with zero mean. From (21), (16) and (15), for
C — oo, a nonequilibrium steady-state exists with a
stable (1) and (8T). The small terms proportional to
ks To cancel the rectification of equlibrium thermody-
namic noise.

From (21) and (17), the power spectral density
(PSD) of the Langevin voltage fluctuations V(t) =
U (X(t))E5(t) is

S/ = 4kBTp1—|— 12|(BTop2| +4kBToC5T s (22)

which, for 8T — 0, reduces to Stratonovich’s expres-
sion [3] for the voltage noise PSD in a quadratic
resistor. If oy = d(log(R))/d(log(T)) and B =
d(log(R))/a(log(l)), then, dropping second-order
terms,

Sy =4kgTR(1+2f)), (23)
which is independent of o to first order. Near equi-
librium, (23) confirms the ansatz of [5] for the voltage
noise PSD of a nonlinear bolometer.

From (18) the power noiseis

S = 4kgTo (71T +12To0T) , (24

which is consistent with the quadratic expansion
around equilibrium of the expressionsin the literature
for phonon noise PSD in both the diffuse [1] and
specular scattering cases [6].

It will be interesting to extend the theory to expan-
sions of higher order than the quadratic, where Sy may
depend on o,. Dissipationally undeterminable para-
meters appear in higher order expansions that prevent
a full solution solely from the dissipative properties
of the system. However, it may be possible to achieve
insight into the excess voltage noise that is observed
as afunction of oy in a TES bolometer [7] by fitting
the experimental data to these expansions and treat-
ing the dissipationally undeterminable parameters as
fitting parameters.

This work was supported in part by NASA under
contract NDPR S06561-G and by the Constellation-X
program.

References

[1] J. Mather, Appl. Optics 21 (6) (1982) 1125 —1129.
[2] S. Mosdley, et al., J. Appl. Phys. 56 (5) (1984) 1257.

[3] R. Stratonovich, Nonlinear Nonequilibrium Thermodynamics
I, Springer-Verlag, 1992.

[4] H. Casimir, Rev. Mod. Phys. 17 (1945) 343.

[5] K. Irwin, G. Hilton, Cryogenic Particle Detection, Springer-
Verlag, 2005, pp. 63-149.

[6] W. Boyle, K. Rodgers, J. Opt. Soc. Am. 49 (1959) 66.
[7] 3. Ullom, et al., Appl. Phys. Lett. 84 (21) (2004) 4206.



